Abstract The isodicentric Y (idic Y) chromosome is one of the most common aberrations of the human Y chromosome. Due to a structural instability during cell division, patients with idic Y may develop mosaic karyotypes with variable phenotypes. We present a rare case of a 25-year-old male with azoospermia and infertility. In this patient, an idic Yq was characterized by duplication of almost the entire Y chromosome in head-to-head fashion with breakpoints occurring at the distal Yp / Yp11.3 with sparing of both the AZF and SRY regions. We discuss the possible mechanisms of azoospermia in this patient and add to the limited evidence that exists regarding the importance of pseudoautosomal regions and meiotic sex chromosome pairing as part of normal spermatogenesis.
Introduction
Idic Y chromosomes are one of the most commonly reported structural abnormalities of the Y chromosome [1] . These abnormal chromosomes consist of two identical arms that are positioned as mirror images to one another, with an axis of symmetry lying between two centromeres [2] . Due to the presence of two centromeres, these chromosomes are often unstable during cell division [3, 4] . As a result, chromosomal mosaicism is common and most patients have a 45,X cell line [1, 5] . The degree of mosaicism is highly variable and even differs amongst the distinctive cell lines within individuals [6, 7] . Phenotypically, these mosaic karyotypes are associated with a broad array of clinical features, including gonadal dysgenesis and Turner's syndrome [1, 8] . Clinical phenotypes may be the result of dynamic interactions between the location of the breakpoints, as well as the proportion and tissue distribution of specific cell lines, most notably 45,X [9] [10] [11] . Importantly, idic Yp with breakpoints in the long arm of the Y chromosome may lead to deletion or rearrangement of critical azoospermia factor (AZF) regions [12] . The loss of these AZF regions results in varying degrees of spermatogenic failure, and is the proposed mechanism of infertility in idic Yp patients [6, 11] .
It has recently been proposed by Lange et al. that idic Y is formed by homologous crossing-over between opposing arms on sister chromatids [13] . This process is initiated by a double-stranded breakpoint within one arm of the Y chromosome, followed by homologous repair using the opposing arm as a template [13] . As a result, idic Y's are structurally dependent on their breakpoints. Idic Y's with a breakpoint in the short arm (p) will have duplication of the entire long arm (q) and proximal short arm and are labeled idic Yq. On the other hand, idic Y's with a breakpoint in the long arm, will have duplication of the entire short arm as well as the proximal long arm, and are labeled idic Yp [7] .
We detail the case of a 25-year-old male with azoospermia discovered upon assessment of infertility to have spermatic maturation arrest in the presence of isodicentric Y chromosome mosaicism. Interestingly, the patient had idic (Y)(p11.3) which resulted in duplication of the entire long arm as well as almost the entire short arm of the Y chromosome, with preservation of AZF and SRY regions. The preservation of these regions, coupled with spermatic maturation arrest in a male with idic Yq, makes this case extremely unique. Moreover, we present a review of the alternative mechanisms for spermatogenic failure through pseudoautosomal regions and sex chromosome pairing in normal sperm production.
Case presentation
We present the case of a 25-year-old male referred to fertility clinic for primary infertility. A recent semen analysis had identified azoospermia with normal hormone markers. His partner was a healthy 23-year-old female whose medical investigations were normal.
A detailed history could not identify any infertility risk factors and there were no documented exposures to chemotherapy, radiation, smoking or excessive alcohol intake. The patient did not have any previous surgical procedures and his only medical condition was asthma for which he used the β-adrenergic receptor agonist Terbutaline.
On physical examination, the patient was short with sparse facial hair on his upper lip and chin. He had no growth on the rest of his face or neck despite last shaving seven days prior. There was modest hair growth on the lower half of his abdomen, and on his legs. The testicles were symmetrically small, measuring 15-20 cc using an orchidometer.
Given the possibility of the rare genetic syndrome Leri-Weill dyschondrosteosis, a careful physical examination of the forearms and lower limbs was conducted. No evidence of shortening or the presence of a Madelung's deformity was identified. Furthermore, no evidence of deletion, inversion or other cytogenetic rearrangements at the SHOX locus (Xp22.3) or the distal Xp region were identified (data not shown) -suggesting mutations in the SHOX gene were unlikely to contribute to this patient's condition.
Initial clinical assessment included a repeat semen analysis and hormones confirming azoospermia and normal hormone levels (Table 1) . Previous investigations from the referring physician included Y chromosome microdeletion and CFTR tests. These returned with no mutations identified in the CFTR gene. Molecular analysis of the Y chromosome revealed no deletions in the SRY or AZF a/b/c regions.
Given these apparently normal findings, coupled with the clinical presentation, cytogenetic investigations were ordered to complete the genetic evaluation of this patient. Cytogenetic analysis of blood lymphocytes was performed using G-banding, C-banding and fluorescence in situ hybridization (FISH). Metaphase FISH analysis was conducted using probes for X and Y centromeres (Cytocell) and SRY located at Yp11.31 (Vysis).
G-and C-banding analyses revealed an abnormal and mosaic male karyotype characterized by the presence of idic Yq with breakpoints at Yp11.3 ( Fig. 1a and b) . The metaphase FISH showed the idic Yq with two SRY signals (Fig. 1d) and two DYZ3 signals (Fig. 1c) . The idic Yq was shown to have breakpoints distal to the SRY locus -likely in the distal Yp pseudoautosomal region. The idic Yq was thus a result of a duplication of the entire long arm as well as almost the entire short arm of the Y chromosome in a head-to-head fashion (Fig. 1) . Analysis of 50 metaphase cells showed six different cell lines. One cell had a normal male karyotype 46, XY while nine cells had 45, X. 35 cells had a copy of the idic Yq and two cells had two copies of idic Yq. Three cells had 46 chromosomes with one X Finally, the patient was scheduled for a testicular biopsy to evaluate sperm production. The biopsy revealed spermatic maturation arrest at the level of the primary spermatocyte (Fig. 2) . After discussing the genetic and pathologic results with the patient, he was counseled on the options of adoption and donor sperm for either IUI or IVF.
Discussion
Isodicentric Y is a common aberration of the Y chromosome and most cases, as reported here, are found in a mosaic form [1, 5] . This mosaicism is caused by instability during cell division, as the two centromeres of the idic Y chromosome can be pulled to either side of the cell by mitotic spindles, forming a bridge during anaphase [14] . Commonly, this instability results in the formation of multiple cell lines to varying degrees, including a 45,X cell line in most cases [5] . In addition, this instability can lead to further rearrangement of the idic Y, with the formation of a marker chromosome, as in the case we presented here [7] . This is a rare occurrence that increases in frequency with greater distances between the two centromeres (intercentromeric distance) [7] .
The phenotype of patients with idic Y is variable with azoospermia and small testicles being common in males [1, 8, 11] . The degree of spermatogenic failure in these patients can vary with some producing enough sperm for intracytoplasmic sperm injection [13, 15] . According to most studies, the sexual differentiation of patients most likely depends upon the distribution of the 45,X cell line, especially in the gonads, as well as the presence of SRY on the isodicentric chromosomes [1, 8, 11] . In this case, the distribution of the 45,X cell line was limited to only 9/50 cells (18 %). In addition, two copies of SRY were present in 37/50 cells (74 %). The male phenotype in our patient might be a result therefore of the relative absence of the 45,X cell line in the testes, with an abundance of SRY containing cells.
Current literature regarding male infertility has stressed the importance of the azoospermia factor (AZF) regions in spermatogenesis [12, 16] . At least 16 gene products important for spermatogenesis have been discovered in the AZF region, and deletions in these regions are known to cause varying degrees of male factor infertility [16, 17] . While azoospermia is common in males with isodicentric Y chromosome, our understanding of the cause of spermatogenic failure is clear only for those idic Yp patients with breakpoints that occur along the Yq and typically result in AZF deletion and/or recombination [12, 13] . Thus, loss of critical AZF genes provides the current rationale for spermatogenic failure in the majority of these idic Yp males.
However, in the case of idic Yq presented here, the breakpoints occur at distal Yp / Yp11.3, sparing both the AZF and SRY regions. In fact, 70 % of the patient's cells had idic Yq chromosomes with duplicated AZF regions. In 4 % of cells, there were two idic Yq leading to 4 copies of the AZF regions. The presence of 1 to 3 extra copies of AZF regions in our patient may be a contributing factor for spermatogenic failure, irrespective of AZF deletions.
It is possible to speculate that in patients with idic(Y) (p11.3), loss of the pseudoautosomal region 1 (PAR1) located at the distal Yp may be the cause of spermatic maturation arrest. Indeed, Lange et al. previously hypothesized that disturbance in the pseudoautosomal regions may disrupt pairing of the sex chromosomes during meiosis [13] . Indeed, this might explain spermatogenic failure in some males despite having a full complement of male-specific region genes [13] . To date, few cases have been documented that lend support to this hypothesis. In one report, Mohandas et al. described an azoospermic patient with deletion of the pseudoautosomal region of distal Xp [18] . Meiotic studies revealed failure of X-Y pairing in this patient, and spermatogenic arrest between meiosis I and II [18] . In another study by Gabriel-Robez et al., loss of the pseudoautosomal regions on the X chromosome were seen in two patients with X;Y translocation, with subsequent failure of sex chromosome pairing and spermatic maturation arrest [19] . Other reports have examined the relative importance of unpaired chromosome regions during meiosis as a cause of gametogenic failure [15, 20] . Unpaired chromosome regions are seen in a wide range of genetic anomalies, including: XYY, XO, and isodicentric Y mosaic genotypes [20] . In these situations, the whole or part of the X chromosome remains unpaired during meiosis, and therefore fails to become inactivated in the meiotic prophase [15] . As X inactivation is necessary for normal spermatogenesis, failed inactivation as a result of incomplete chromosomal pairing may be a cause of maturation arrest and azoospermia [15] .
In this report, we highlight one of the rare cases providing evidence for the importance of meiotic X-Y pairing in spermatogenesis, a concept that is currently incompletely understood. In our patient, the deletion of the distal Yp and the PAR1 might have led to unpairing between the idic Y and X chromosome regions and consequently, spermatic maturation arrest. What still remains unclear, however, is the relative importance of PAR deletions in comparison to cell lines with an unpaired X chromosome (ex. 45,X) as a cause for spermatogenic failure. Since patients with isodicentric Y mosaicism can have varying degrees of spermatogenesis, further studies that address this may serve to guide patient counseling and fertility decisions.
